ABSTRACT More than 75 "species-level" phylotypes of spirochete bacteria belonging to the genus Treponema reside within the human oral cavity. The majority of these oral treponeme phylotypes correspond to as-yet-uncultivated taxa or strains of uncertain standing in taxonomy. Here, we analyze phylogenetic and taxonomic relationships between oral treponeme strains using a multilocus sequence analysis (MLSA) scheme based on the highly conserved 16S rRNA, pyrH, recA, and flaA genes. We utilized this MLSA scheme to analyze genetic data from a curated collection of oral treponeme strains (n ϭ 71) of diverse geographical origins. This comprises phylogroup 1 (n ϭ 23) and phylogroup 2 (n ϭ 48) treponeme strains, including all relevant American Type Culture Collection reference strains. The taxonomy of all strains was confirmed or inferred via the analysis of ca. 1,450-bp 16S rRNA gene sequences using a combination of bioinformatic and phylogenetic approaches. Taxonomic and phylogenetic relationships between the respective treponeme strains were further investigated by analyzing individual and concatenated flaA (1,074-nucleotide [nt]), recA (1,377-nt), and pyrH (696-nt) gene sequence data sets. Our data confirmed the species differentiation between Treponema denticola (n ϭ 41) and Treponema putidum (n ϭ 7) strains. Notably, our results clearly supported the differentiation of the 23 phylogroup 1 treponeme strains into five distinct "species-level" phylotypes. These respectively corresponded to "Treponema vincentii" (n ϭ 11), Treponema medium (n ϭ 1), "Treponema sinensis" (Treponema sp. IA; n ϭ 4), Treponema sp. IB (n ϭ 3), and Treponema sp. IC (n ϭ 4). In conclusion, our MLSA-based approach can be used to effectively discriminate oral treponeme taxa, confirm taxonomic assignment, and enable the delineation of species boundaries with high confidence.
O ral treponeme bacteria (genus Treponema) constitute a small but significant part of the "normal" human oral microbiota (1) . This genus of spirochete bacteria shares a distinctive helical or flat-wave cell morphology, and many species are highly motile in liquid or semisolid environments, locomoting via a corkscrew-like motion (2) (3) (4) . They typically occupy anaerobic niches, especially within dental plaque located in the gingival crevice: the narrow gap between the gingivae (gums) and the base of the crown of the tooth (5, 6) . Their proportions are often highly elevated within diseased periodontal sites, and clinical studies have consistently associated them with various forms of periodontal disease, especially chronic periodontitis (7) (8) (9) (10) (11) (12) . High levels of treponeme taxa are also frequently detected within endodontic infections and oral-implant infections (e.g., peri-implantitis) (13) (14) (15) (16) (17) .
Nine species of oral treponemes have been formally characterized in the scientific literature (the reporting year is indicated in parentheses): Treponema denticola (1993) (18) ; Treponema pectinovorum (1983) (19) ; Treponema socranskii (1998; three subspecies: socranskii, paredis, and buccale) (20) ; Treponema maltophilum (1996) (21) ; Treponema medium (1997) (22) , whose description was amended in 2003 (23) ; Treponema amylovorum (1997) (24) ; Treponema lecithinolyticum (1999) (25) ; Treponema parvum (2001) (26) ; and Treponema putidum (2004) (27) . "Treponema vincentii" is also generally considered to constitute an oral treponeme species, having been studied and reported in the scientific literature for more than 60 years (28) (29) (30) (31) . However, in the absence of a recent systematic characterization, its precise taxonomic definition remains obscure (9, 30) .
Dewhirst et al. proposed a taxonomic framework for the classification of oral treponemes, based on shared 16S rRNA gene homology (32) , which has become widely adopted by the scientific community. This places oral treponeme taxa within 10 different "phylogroups" (phylogenetic clusters) that respectively share more than 90% 16S rRNA gene sequence similarity (over a 500-bp region). At this time, more than 75 Treponema "species-level" phylotypes have been identified in the human oral cavity using 16S rRNA gene sequence-based approaches (1, 33) . Many phylotypes have been assigned human oral taxon (HOT) codes, as part of the Human Oral Microbiome Database (HOMD) classification scheme (1) . However, roughly three-quarters of identified oral treponeme phylotypes remain to be cultivated and formally described.
Placed within phylogroup 2, clinical investigations have consistently associated the presence or abundance of T. denticola cells with the occurrence and severity of periodontal disease (10-12, 34, 35) . This phylogroup also contains T. putidum, a poorly studied treponeme that has been detected within periodontitis, acute necrotizing ulcerative gingivitis (ANUG), and endodontic lesions (27, 36) . Notably, phylogroup 2 treponemes share high levels of phylogenetic similarity with Treponema pallidum, Treponema phagedenis, and Treponema pedis (31, 37) , as well as many other isolates and as-yet-uncultivated taxa commonly found in polymicrobial tissue infections in livestock animals (38, 39) .
The species T. medium and T. vincentii both belong to phylogroup 1. Consensus results from previous molecular clinical investigations have indicated that treponeme taxa belonging to phylogroup 1 are particularly prevalent, abundant and diverse within human subgingival plaque (33, 40) . Furthermore, several phylogroup 1 taxa and species have previously been associated with periodontal disease (12, 33, 41, 42) .
Complete genome sequences for T. putidum OMZ 758 T (ATCC 700334 T ) and Treponema sp. strain OMZ 838 ("Treponema sinensis" [ATCC 700772]) have recently been published (43, 44) . Furthermore, in as-yet-unpublished work, researchers working under the auspices of the Human Microbiome Project (45) have recently deposited genome sequence data for the type strain of T. medium (ATCC 700293, NCBI Genome BioProject no. 169490, sequenced by the Broad Institute), as well as for two strains of T. vincentii (ATCC 35580, NCBI Genome BioProject no. 34095, sequenced by the J. Craig Venter Institute; and F0403/N9, NCBI Genome BioProject no. 169493, sequenced by the Broad Institute). However, due to the relative paucity of genetic and genomic data for treponeme isolates belonging to phylogroup 1, the unambiguous identification and classification of taxa within this group remains highly problematic.
Multilocus sequence analysis (MLSA) and related multilocus sequence typing (MLST) approaches have previously been successfully used to delineate boundaries between closely related spirochete species, subspecies, and component strains. This has included Borrelia (46, 47) , Brachyspira (48) , and Leptospira (49) spp. and treponemes associated with digital dermatitis in cloven-hoofed animals (38, 50) . Phylogenetic analysis of the 16S rRNA gene and 16S-23S rRNA intergenic spacer regions have also been commonly used for the analysis of Treponema spp. within animal foot and soft tissue lesions (see, for example, references 51 and 52).
Here, we used a four-gene MLSA approach to delineate genetic similarities and differences between oral treponeme reference strains and clinical isolates belonging to phylogroups 1 and 2. Our data suggest that several isolates previously classified as T. vincentii and T. medium should be placed within other taxonomic groupings, some of which most probably constitute novel species.
RESULTS
Obtaining gene sequences data sets from phylogroup 1 and 2 oral treponeme strains. A total of 71 human oral treponeme strains belonging to oral phylogroups 1 and 2 were included in our MLSA (Table 1) . This included T. denticola (n ϭ 41), T. putidum (n ϭ 7), T. medium (n ϭ 1), and T. vincentii (n ϭ 11), as well as treponeme strains of uncertain standing in taxonomy (n ϭ 11). These treponeme strains were originally isolated from various (diseased) oral sites, predominantly periodontitis lesions, from individuals who lived in North America, Europe, or Asia. This included all relevant ATCC (and DSMZ) oral treponeme reference strains. Additional details about the origins of these strains are summarized in Table S1 in the supplemental material.
Four genes were selected for analysis in each oral treponeme strain: the 16S rRNA gene (rrs), as well as the flaA, recA, and pyrH coding DNA sequences (CDSs). The recA gene encodes the main DNA homologous recombination and repair protein in bacteria, recombinase A (53). The pyrH gene encodes uridylate kinase (UMP kinase), which plays a key role in nucleotide metabolism in bacteria (54) . The flaA gene encodes the FlaA flagellar outer sheath protein, which coats the core of the (periplasmic) flagellar filament, which is comprised of the FlaB protein (55) . The 16S rRNA gene is present in two identical copies (rrsA and rrsB) in Treponema taxa (37) . The others are single-copy CDSs, which correspond to the following three loci in the genome-sequenced T. denticola ATCC 35405 T strain: pyrH (TDE2085; 696 bp), flaA (TDE1712; 1,050 bp), and recA (TDE0872; 1,245 bp) (37) . These three CDSs were selected based on the results obtained from our previous phylogenetic analysis of 20 T. denticola strains (56). We were able to obtain full-length gene sequence data for flaA, recA, and pyrH from 36 oral phylogroup 1 and 2 strains by searching the publically accessible nucleotide sequence depositories. Using these data, various sets of PCR primers were designed to amplify full-length flaA, recA, and pyrH gene sequences from phylogroup 1 and 2 oral treponeme strains (summarized in Table 2 ). In addition, a total of 35 phylogroup 1 and 2 oral treponeme strains from our curated collection were cultivated, and full-length gene sequences were successfully obtained for these strains. The primer sequences and PCR conditions used are summarized in Table 2 . Near-full-length (ϳ1,450-bp) regions of the 16S rRNA gene from each cultivated treponeme strain were also obtained. The accession codes for all gene sequences used in this study are summarized in Table S2 in the supplemental material.
Assignment of taxonomy and phylogeny of oral treponeme strains based on the 16S rRNA gene. We first assigned taxonomy for each oral treponeme strain (n ϭ 71) to the species or phylotype level by analyzing the 16S rRNA gene sequence data sets using a maximum-likelihood (ML) phylogenetic approach. This included 23 phy- (57) . The ML tree generated is shown in Fig. 1 . For clarity, the respective treponeme species (or proposed species) are indicated with different colors. The corresponding human oral taxon (HOT) numbers, as defined by the HOMD (58), are also indicated for each strain. It may be seen in the phylogram (Fig. 1) that the 41 T. denticola (HOT 584; dark blue) and 7 T. putidum (HOT 743; red) strains were well separated from each other based on their 16S rRNA gene sequences. Both of these phylogroup 2 species were well separated from T. pallidum (HOT 805), T. phagedenis, and the phylogroup 1 treponeme strains. This was as expected and is in good accordance to analogous phylogenetic analyses of oral treponeme populations reported in previous studies (1, 27, (31) (32) (33) . Six of the seven T. putidum strains, including the ATCC 700334 T strain, clustered together. The OMZ 848 strain appeared to be slightly divergent, being more closely related to T. denticola strains. It should be noted that our analysis includes every T. putidum strain that has been characterized and reported in the literature (27) .
The phylogroup 1 treponeme strains formed four well-separated clades with good bootstrap support. The T. medium type strain (ATCC 700293, ex.
[formerly] G7201 [22, 23] It has been proposed (C. Wyss, unpublished data) that Treponema sp. strain ATCC 700772 (OMZ 838), whose full genome sequence has recently been reported (44) , as well as three other Treponema strains-OMZ 855, OMZ 856, and OMZ 857-correspond to a new species that has tentatively been named Treponema sinensis (to reflect the strain's Chinese origins) (59) . These four T. sinensis strains correspond to Treponema sp. IA and are well separated from the other phylotypes and species. Furthermore, since the respective T. medium, T. vincentii, T. sinensis (IA), and Treponema sp. IB and IC taxa are all well segregated into distinct phylogenetic lineages in the ML tree in Fig. 1 , it appears to be valid to refer to these respective clades or single branch taxa as "species-level" phylotypes.
To further investigate taxonomic and phylogenetic relationships between phylogroup 1 treponeme strains, we performed a further ML phylogenetic analysis incorporating an additional set of n ϭ 41 16S rRNA gene sequences, which were previously obtained from a plasmid library of (human) oral treponeme 16S rRNA gene amplicons (33) . These were representatives of 265 unique cloned amplicon sequences based on a 99% similarity cutoff. This plasmid library was constructed in an analogous manner to the procedure employed for this study, using DNA extracted from pooled subgingival plaque samples obtained from a cohort of periodontitis patients (n ϭ 10) and periodontitis-free individuals (n ϭ 10). The section of the ML phylogram generated, which contains all oral phylogroup taxa is shown in Fig. 2 . The corresponding oral treponeme phylotypes that have been previously defined by Dewhirst et al. (32) and You et al. (33) are indicated for comparative purposes.
It may be seen that the overall topology (branching pattern) of the ML tree generated from the 16S rRNA data set that included all the additional (uncultivated) treponeme phylotypes was very similar to that of the ML tree shown in Fig. 1 . Specifically, the phylogenetic arrangements and strain compositions of the five respective species or "species-level" phylotypes-T. (33) . The Treponema sp. IC clade contained the "group 01 cluster G (I:G:T21)" (AF023055) (32) , and the Treponema sp. clones 2H5 (JQ654110), 3H21 (JQ654104), and 7H36 (JQ654103) (33) . The T. medium clade contained the "group 01 cluster B (I:B:C7)" (AF023051) (32) , and the Treponema sp. IB clade contained the Treponema sp. clone 9P33 (JQ654130) (33) . The Treponema sp. clones 10P23 (JQ654158), 2H16 (JQ654117), 9P45 (JQ654206), and 8P69 (JQ654174) and the "group 01 cluster AA (1:AA:DW001)" (AY005082) (32) were closely related to, but distinct from, the T. sinensis and Treponema sp. IC clades.
Phylogenetic analyses of individual flaA, recA, and pyrH genes. Individual ML trees were calculated for the flaA, recA, and pyrH genes to investigate phylogenetic relationships between oral treponeme strains at three different genetic loci. The optimal nucleotide substitution models were determined to be GTRϩG for flaA, and GTRϩIϩG for recA and pyrH according to jModelTest (57) . In the flaA (Fig. 3) and pyrH (see Fig. S1B in the supplemental material) ML phylogenetic trees, the seven Treponema putidum strains were closely clustered and well separated from T. denticola strains. Interestingly, T. denticola ATCC 700768 was more closely related to T. putidum in the pyrH ML tree and was an outlier in the flaA ML tree. The recA ML tree (see Fig. S1A in the supplemental material) had a different topology, with the seven T. putidum strains forming three clades that were intertwined with T. denticola strains. The branching patterns for the T. denticola strains exhibited considerable variation between the three respective single gene ML trees.
For the phylogroup 1 oral treponemes, there was consistency in the branching patterns observed in the respective flaA, recA, and pyrH ML trees ( Fig. 3 and see Fig. S1 in the supplemental material). In each tree, there were four clusters that respectively contained the T. vincentii, T. sinensis (Treponema sp. IA), Treponema sp. IB, and Treponema sp. IC taxa. The topologies were analogous to those present in the 16S rRNA ML tree, with only two minor differences. The Treponema sp. IB OMZ 305 (Ritz A) strain was distinct from the other Treponema sp. IB taxa and formed a clade with the T. medium type strain (ATCC 700293, ex. G7201) in the recA ML tree (see Discussion for the details of further analyses). The T. vincentii ATCC 700013 (F0403, N9) strain differed from the other T. vincentii strains in the pyrH ML tree by being more closely related to the other phylogroup 1 strains outside the T. vincentii clade. The phylogeny of these three genetic loci consistently showed that T. medium ATCC 700293 T was closely related to the Treponema sp. IB taxa.
Phylogenetic analyses of concatenated two-gene and three-gene sequence data sets. ML phylogenetic analysis was next performed on three different combinations of two-gene concatenations (i.e., flaA-recA [2,360 bp], flaA-pyrH [1,667 bp], and recA-pyrH [2,017 bp]) in order to determine which pair of protein-coding genes may be most effective for the delineation of phylogroup 1 and 2 treponeme strains. The best nucleotide substitution model for flaA-recA and recA-pyrH was GTRϩIϩG, with GTRϩG being optimal for flaA-pyrH. The three ML phylogenetic trees generated are shown, respectively, in Fig. S2A to C in the supplemental material. In the ML trees generated from all three of the two-gene combinations, the 23 phylogroup 1 taxa showed the same clustering patterns, with T. vincentii, Treponema sp. IA, Treponema sp. IB, and Treponema sp. IC taxa each forming individual clades. T. medium ATCC 700293 T formed a single branch, which was most closely related to the Treponema sp. IB clade. The 42 phylogroup 2 strains showed very similar clustering patterns in all three of the two-gene ML trees, which were analogous to those present in the individual flaA and pyrH ML trees. T. denticola ATCC 700768 was more closely related to T. putidum in the recA-pyrH ML tree and was an outlier in the flaA-recA and flaA-pyrH ML trees.
The optimum nucleotide substitution model for the ML phylogenetic analysis of the concatenated flaA-recA-pyrH three-gene data set (3,022 bp) was determined to be GTRϩIϩG. The phylogenetic analysis revealed a very clear distinction between phylo- Oral Treponeme Four-Gene MLSA Applied and Environmental Microbiology groups 1 and 2 and also well-defined clades within each phylogroup, all with high bootstrap and Bayesian posterior probability support values (Fig. 4) . The concatenated three-gene ML tree had a very similar overall topology as the recA-pyrH ML tree, but with generally higher statistical support for the branches. As noted above, T. denticola ATCC 700768 was a notable outlier in the three-gene ML tree, being more closely related to the T. putidum strains. Bioinformatic analysis of 16S rRNA, flaA, recA, and pyrH gene sequences. The respective lengths of the 16S rRNA gene sequences obtained were highly consistent with the taxonomic assignment ( Table 3 ). All of the T. denticola strains had 16S rRNA genes 1,497 bp in length, making them distinct from the T. putidum strains, which encoded 16S rRNA genes that were 1,496 bp in length. All of the phylogroup 1 treponeme strains had 16S rRNA genes 1,502 bp in length. There were only relatively minor differences in the mean GϩC content of the 16S rRNA genes present in the respective species/phylotypes, ranging from ca. 51.9 to 52.5% (Table 3) .
The lengths of the pyrH gene sequences (obtained from databases or determined experimentally here) were strictly conserved within the phylogroup 1 and phylogroup 2 strains, respectively ( Table 3 ). The pyrH gene was 696 bp in length for all phylogroup 2 (T. denticola and T. putidum) strains and was 687 bp in all phylogroup 1 taxa (T. There were notable trends in the respective GϩC contents of the flaA, recA, and pyrH genes. The respective GϩC contents of the individual flaA, recA, or pyrH genes within the respective treponeme phylotypes or species were very similar (Ϯ 0-0.76%). However, the respective GϩC contents of the flaA, recA, and pyrH genes in the oral phylogroup 1 treponemes were all ca. 4 to 7% higher than the corresponding genes in T. denticola and T. putidum. For example, the mean GϩC content for the pyrH gene in T. denticola strains was 41.8 Ϯ 0.38%, whereas in T. vincentii it was 47.5 Ϯ 0.76%. In addition, in all strains studied, the respective GϩC content of the recA gene was ca. 4 to 5% higher than that of the corresponding flaA or pyrH genes (Table 3) .
Nucleotide diversity, polymorphism, and evolutionary conservation of codon sites. The respective levels of nucleotide diversity () and the number of polymorphic sites were calculated for all four genes at the phylogroup level and at the species/ phylotype level. The evolutionary conservation of codon sites was calculated for the flaA, pyrH, and recA genes (since the 16S rRNA gene does not encode a protein). The results are summarized in Table 4 (see also Table S3 in the supplemental material).
The proportions of polymorphic sites were equivalent in the 16S rRNA gene sequences from the respective sets of oral phylogroup 1 strains (2.52%) and oral phylogroup 2 strains (2.74%). Within the respective species (phylotypes) there was considerable variation in the numbers (%) of 16S rRNA polymorphic sites present. The numbers of polymorphic sites present within the 41 strains of T. denticola (1.72%) were broadly comparable to those present in the 7 T. putidum strains (1.38%). The proportions of polymorphic sites were considerably lower in the respective phylogroup 1 species, ranging from 0.00% across the 4 T. sinensis strains to 0.41% across the 11 T. vincentii strains. The number of 16S rRNA polymorphic sites was ca. 11% across all the treponeme strains analyzed, reflecting the considerable phylogenetic distance between phylogroups 1 and 2.
The overall proportions of polymorphic sites in the respective flaA, pyrH, and recA genes were broadly equivalent in the two respective phylogroups, ranging from ca. 19 to 25%. However, this masked considerable differences in the degree of gene polymorphism in these three respective genes within the respective species or phylotypes. For example, 10.99% of sites in the recA genes from T. putidum were polymorphic, which is considerably higher than levels present in flaA (0.19%) or pyrH (0.41%). An analogous situation was observed for the Treponema sp. IB taxa. However, in T. vincentii the levels of nucleotide polymorphisms were much higher in the pyrH gene (14.6%) than in the flaA (1.79%) or recA genes (1.71%). The numbers of polymorphic sites in the respective flaA, pyrH, and recA genes ranged from ca. 39 to 46% across all of the treponeme strains analyzed. The levels of nucleotide diversity () for the respective flaA, pyrH, and recA genes were slightly higher in the phylogroup 1 strains (0.078 to 0.098) than in the phylogroup 2 strains (0.042 to 0.064), which probably reflects the imbalance in the strains analyzed.
Mean global omega () values, which are equivalent to the ratio of nonsynonymous (dN) to synonymous (dS) mutations (i.e., dN/dS) for each codon site, were calculated for the flaA, recA, and pyrH genes within the respective sets of oral phylogroup 1 and 2 strains to gauge the evolutionary pressures. These are reported with the corresponding 95% confidence intervals (CI). The values were fairly similar for the corresponding flaA and pyrH genes in oral phylogroup 1 and 2 strains. However, the values for the recA gene were higher in phylogroup 1 strains ( ϭ 0.300; 95% CI ϭ 0.276 to 0.326), compared to phylogroup 2 strains ( ϭ 0.103; 95% CI ϭ 0.087 to 0.121). The means values for the flaA and pyrH genes in all the strains included (n ϭ 71) was calculated to be Ͻ0.12, whereas the mean value for recA gene was 0.21. This indicates that there was a strong purifying selective pressure to conserve the function of these three proteins, although recA was under slightly less selective pressure than flaA and pyrH. The respective numbers of negatively and positively selected codon sites were also calculated for the flaA, recA, and pyrH genes the at the phylogroup level. Negative (purifying) selection indicates the conservation of gene sequence and function, while positive selection indicates evolutionary pressure for gene sequence change and adaptation. There were similar proportions of negatively selected codon sites in the flaA and pyrH genes within both phylogroup 1 and phylogroup 2 strains (ca. 7% and ca. 13%, respectively). For the recA gene, there were more negatively selected codon sites within the phylogroup 2 strains (17.9%) compared to phylogroup 1 (11.9%). Notably, there was a single positively selected site in the recA gene in T. denticola. This corresponded to the amino acid residue Val-8 (see Fig. S3 in the supplemental material) . The specific role of the Val-8 in the biological activities of the RecA protein remains obscure (53) .
Intraspecific and interspecific sequence similarity. The intraspecific and interspecific sequence similarities for each of the four genes (16S rRNA, flaA, recA, and pyrH) were calculated for each of the respective treponeme species/phylotypes. These are summarized in Fig. 5 and Fig. S4 in the supplemental material. Here, we defined intraspecific gene sequence similarity as that which occurs between strains belonging to the same species or phylotype. Correspondingly, interspecific gene sequence simi- larity was defined as that which occurred between taxa belonging to different species or phylotypes. In accordance with the phylogenetic analysis described above, T. medium ATCC 700293 T was treated as a unique taxon. It should be carefully noted that gene sequence similarity does not directly correlate with phylogenetic distances due to their different calculation/estimation methods. The average intraspecific sequence similarities for each of the four genes, within each of the six respective species/phylotypes are shown in Fig. S4 in the supplemental material. Each species/phylotype is represented with the same color scheme used in the ML phylograms shown in Fig. 1 to 4 , and error bars are excluded, to aid visual comparison. As expected, the 16S rRNA gene showed the lowest levels of sequence variation (or highest similarity) within each of the respective species/phylotypes. The ranges of intraspecific sequence similarities were very small, especially for the phylogroup 1 species (99.5 to 100%). The 11 T. vincentii taxa shared 99.8 to 100% similarity, the four T. sinensis taxa had identical 16S rRNA sequences, and the three Treponema sp. IB and four Treponema sp. IC strains shared 99.5 to 99.6% and 99.7 to 99.9% 16S rRNA gene sequence similarities, respectively. There were higher levels of 16S rRNA gene sequence variation within the T. denticola and T. putidum taxa; these variations ranged from 98.9 to 100.0% and from 98.7 to 99.9%, respectively. These data are consistent with those presented in Table 5 and Table S4 in the supplemental material, as well as with the general topology of the 16S rRNA ML tree in Fig. 1 .
The respective levels of intraspecific sequence similarity for the flaA, recA, and pyrH genes varied considerably across the six treponeme species/phylotypes. The general patterns of gene sequence similarity/variation mirrored those reported above and summarized in Table 5 . Overall, the recA gene showed the highest levels of sequence variation across the six species/phylotypes, followed by pyrH and then flaA.
The ranges of intraspecific and interspecific gene sequence similarity for the 16S rRNA, flaA, recA, and pyrH genes, for each of the six species/phylotypes are shown using a standard box-plot format in Fig. 5 and Fig. S5 in the supplemental material. Such plots can be used to establish "cutoff" points to help delineate species or other taxonomic groupings. The data have been analyzed and presented in three different ways. Figure  5A to D shows the interspecific and intraspecific gene sequence similarity relationships for phylogroup 1 treponemes only. Figure 5E and F shows the equivalent data for phylogroup 2 treponemes only. Figure S5 in the supplemental material shows the interspecific and intraspecific gene sequence similarity relationships for both phylogroup 1 and 2 treponemes.
As seen in Fig. 5 and Fig. S5 in the supplemental material, the "cutoff" between T. denticola and T. putidum taxa may be placed at ca. 99% 16S rRNA gene sequence similarity. The "species" boundaries appear to be tighter for phylogroup 1 oral treponemes, since it requires a similarity cutoff greater than ca. 99.5% to separate the respective species or phylotypes based on their 16S rRNA sequences ( Fig. 5 and see Fig. S5 ).
For the flaA, recA, and pyrH genes, gene sequence similarity levels greater than ca. 90% are generally sufficient to separate the respective treponeme species/phylotypes. Of the three CDSs, the recA gene had the widest range of intraspecific sequence similarities (visualized by larger pink Q1 to Q3 boxes in Fig. 5 and Fig. S5 in the supplemental material). Thus, it can effectively distinguish different Treponema strains within the same species/phylotypes. However, the intra-/interspecific boundaries for the recA gene were often ambiguous (visualized by overlap between the pink and blue boxes in Fig. 5 and Fig. S5 ), that would hinder taxonomic assignation based on these criteria alone. In this regard, the flaA and pyrH gene sequences may offer better discrimination between the species/phylotypes. It should also be noted that the majority of the outliers (indicated with open circles in Fig. 5 and Fig. S5 ) correspond to T. denticola ATCC 700768, which is highly phylogenetically distinct from the other T. denticola strains. 
DISCUSSION
Taxa belonging to the genus Treponema represent a significant proportion of the bacterial diversity present within the human oral cavity. Of the 75 oral treponeme species or "species-level" phylotypes currently listed in the web-accessible HOMD database (www.homd.org) (58), 15 correspond to oral phylogroup 1, and 5 correspond to phylogroup 2. The vast majority of phylogroup 2 taxa commonly identified in the oral cavity (e.g., via 16S rRNA gene amplicon sequencing-based approaches) correspond to T. denticola (HOT 584), with T. putidum (HOT 743) or other phylotypes encountered much less frequently (see, for example, references 1, 32, 33, and 40). There is a large body of evidence linking T. denticola with periodontal disease, with many putative pathological mechanisms having been identified (see, for example, references 10, 11, 34, 35, and 60) . However, our current knowledge of the respective distributions of phylogroup 1 treponeme taxa within the oral cavity is far less well understood. This is greatly complicated by the lack of formal species descriptions for previously isolated/ cultivated phylogroup 1 phylotypes and strains. Thus, many of the ca. 200-to 500-bp 16S rRNA gene reads commonly generated from next-generation DNA sequencing analyses cannot be accurately assigned to specific treponeme species (or putative species). This prevents us from obtaining a more detailed picture of the "T. vincentiilike" and "T. medium-like" taxa present within specific oral niches or infected clinical sites, greatly hampering our understanding of disease etiology. The four-gene multilocus genetic analysis described here was primarily aimed at addressing this important issue. An additional objective was to analyze the phylogenetic differences between T. denticola and T. putidum strains, which share many phenotypic characteristics and have high levels of 16S rRNA gene sequence similarity (27) .
In our previous seven-gene MLSA of human oral T. denticola strains (56), our results indicated that the flaA, recA, and pyrH genes exhibited the highest levels of gene sequence diversity. Consequently, we selected these three genes for the phylogenetic analysis of a large and comprehensive collection of oral treponeme strains belonging to phylogroups 1 (n ϭ 23) and 2 (n ϭ 48). Taxonomy was assigned based on 16S rRNA gene phylogeny (Fig. 1) . To facilitate comparisons with previous studies, we directly correlated the results from our phylogenetic analyses with both the HOMD taxonomic framework, as well as the oral treponeme taxonomic framework originally established by Paster and coworkers (1, 32, 40, 61) . Our results supported the division of the (n ϭ 23) "T. vincentii-like" and "T. medium-like" phylogroup 1 treponeme strains into five "species-level" groupings: T. vincentii (HOT 029), T. sinensis (Treponema sp. IA; HOT 231), Treponema sp. IC (HOT 231), T. medium (HOT 667), and Treponema sp. IB (HOT 667). This phylogeny-based taxonomic assignment was still strongly supported when 16S rRNA data from relevant as-yet-uncultivated oral taxa were added (Fig. 2) .
Our data strongly support the long-held (though not yet officially recognized) designation of T. vincentii as a distinct "species" of oral treponeme, since in both phylogenetic ( Fig. 1 to 4 ) and sequence similarity-based (Fig. 5) analyses the component strains (n ϭ 11) consistently grouped together. The gene lengths (Table 3 ) and nucleotide compositions (Table 4) were also highly conserved in component T. vincentii strains and were different from those of the other four "species-level" groups. It may be noted that Correia et al. previously reported the 16S rRNA gene sequences of the T. vincentii OMZ 858, 860, 861, and 862 strains as part of their genetic analysis of the subtilisin operon in oral treponemes (62) . Importantly, our data clearly indicate that the Ritz A (OMZ 305) strain, which was originally classified as being T. vincentii (63), does not belong within this species group. It belongs within the Treponema sp. IB group. It should be noted that the Ritz A strain has previously been included in a number of investigations as a representative T. vincentii strain (e.g., see references 64 to 67). Consequently, any previous "species-specific" generalizations involving the Ritz A strain should be carefully reappraised.
Our data are also consistent with the taxonomic position of T. medium as a distinct species. However, it should be noted that there is a paucity of T. medium strains reported in the literature. To the best of our knowledge, the properties of only one T. medium strain (ATCC 700293; ex. G7201) have been reported (22, 23) . Thus, in the absence of data from additional strains, the precise nature of the relationship between T. medium and Treponema sp. IB taxa (ATCC 700767 ϭ OMZ 806, Ritz A ϭ OMZ 305, and OMZ 805) remains somewhat ill defined. As noted above, T. sinensis (Treponema sp. IA) has been proposed to constitute a distinct putative "species" of oral treponeme (Wyss, unpublished) . With the exception of the recent publication of the genome sequence of the OMZ 838 (ATCC 700772) strain (44) , there is a dearth of genetic or biological information about this proposed species. The properties of the Treponema sp. IC strains have previously been reported. Riviere et al. previously noted that the Treponema sp. IC strain OMZ 804 (ATCC 700766) could not be amplified by either "T. vincentii-specific" or "T. medium-specific" primer sets. In addition, the results from these authors' arbitrarily primed PCR analysis of genomic DNA indicated that the OMZ 804 strain was distinct from the T. vincentii ATCC 33580, T. vincentii 802, T. medium G7201, and Treponema sp. IB OMZ 805 strains (68) . These observations are consistent with our MLSA.
A wide range of MLSA or MLST studies have previously utilized recA and/or pyrH genes to delineate species (subspecies) boundaries within diverse bacterial taxa, such as Vibrio spp. (69), Streptococcus spp. (70) , and Achromobacter spp. (71) . Of note, the pyrH gene had the highest resolution for discriminating the diversity of Vibrio cholerae and Vibrio mimicus species (72) , and the recA gene was most effective for differentiating Achromobacter taxa (71) . Genes encoding components of the flagellum have previously been included in a number of MLSA and (multilocus) bacterial typing systems, e.g., in Campylobacter spp. (73) and Clostridium difficile (74) . The flaB2 gene has previously been used to discriminate treponemes associated with animal hoof/foot infections (38) .
Clegg et al. (50) recently designed and employed an MLST system based on seven housekeeping genes for the discrimination and phylogenetic analysis of 121 treponeme strains isolated from digital dermatitis (DD) lesions of cloven-hoofed (farm) animals. These researchers used a PCR-based strategy to analyze ca. 500-to 600-bp fragments of the groEL, recA, glpK, adk, gdh, pyrG, and rplB genes and included data from the genome sequenced T. sinensis OMZ 838 and T. medium ATCC 700293 strains for references. These authors noted that both of these human oral strains were highly distinct from all the (nonoral) animal strains analyzed. To further probe this issue, we directly compared our human oral treponeme recA gene data with corresponding recA gene data from the 121 animal (nonoral) treponeme isolates reported by Clegg et al. via an ML phylogenetic analysis of the entire data set. The resultant ML tree is shown in Fig.  S6 in the supplemental material. This clearly indicated that the human and animal treponemes had no direct phylogenetic overlap, with the very notable exception of the Treponema sp. IB Ritz A (OMZ 305) strain. This single human oral strain clustered along with 31 phylogroup I DD strains of uncertain standing in taxonomy, which corresponded to the recA "allele 1" defined in the study by Clegg et al. (50) . However, it should be noted that this represents a single gene locus of this strain, which may not be wholly representative of the phylogenic origins of the rest of its genome. The implications of this phylogenetic relationship remain to be determined.
Regions of the FlaB and/or FlaA (flagellin) proteins of phylogroup 1 and 2 treponeme strains may be surface exposed, thereby becoming antigenic, and may be glycosylated (64, 67, 68, 75, 76) . This phenotypic property is responsible for the ability of several strains of T. denticola, T. putidum, T. medium, T. vincentii, and "T. vincentii-like" species to cross-react with monoclonal antibodies (e.g., H9-2) raised against T. pallidum. This led to the definition of the term pathogen-related oral spirochete (PROS), a term that was discontinued due to its somewhat confusing and poorly defined nature (68) . Many of the strains we analyzed here were previously identified as "PROS-positive" strains (27, 64, 67, 68) .
Since the (antigenic) FlaA protein may become intimately associated with the host tissues, it may be hypothesized that the flaA gene could be under different selective pressures compared to genes encoding intracellular "housekeeping" proteins, such as RecA and PyrH. However, our findings here do not support this hypothesis. The overall topologies (branching patterns) of the ML trees constructed from the flaA (Fig. 3) , recA (see Fig. S1A in the supplemental material), and pyrH (Fig. S1B ) single gene data sets were all highly congruent with one another. Although there were differences in the relative numbers of polymorphic sites within these three protein-coding genes, all exhibited a strong stabilizing selection (Table 4) . This is consistent with our previous findings for T. denticola strains (56) . There was no evidence of genetic recombination for the flaA and pyrH genes. However, one possible recombination site was identified in the recA gene of the phylogroup 2 strains (Val-8) , which is where a polymorphic site is located (see Fig. S3 in the supplemental material) . Based on the functions and predicted tertiary structure of the RecA protein (53), the biological reasons underlying this variation remain obscure.
The results from the ML phylogenetic analysis of the concatenated flaA-recA-pyrH data sets clearly separated T. putidum from T. denticola (Fig. 4) , with the T. denticola ATCC 700768 (OMZ 830) strain being a notable outlier. This is consistent with a previous report (27) which stated that this strain had a notably different phenotype from the other T. denticola and T. putidum strains analyzed. However, the phylogenetic distinction between T. putidum and T. denticola strains is not always clear-cut for the individual recA and pyrH genes (see Fig. S1 in the supplemental material), suggesting that these two species may share a certain amount of overlap in their genome compositions. It should also be noted that several of the T. putidum and T. denticola strains studied here were originally isolated from ANUG lesions in Chinese individuals (27, 59) , as opposed to periodontitis lesions (see Table S1 in the supplemental material). It remains to be seen whether there are any significant genomic differences in treponeme taxa that inhabit ANUG versus periodontitis lesions or play etiological roles in these two oral infectious diseases.
We were curious to investigate whether there were any correlations between the phylogenies of the concatenated flaA-recA-pyrH gene sequences and the geographical origins of these clinical treponeme isolates. Based on the phylogenetic branching patterns (which may be visualized by the respective distributions of the country flags in Fig. 4) , we tentatively speculate that there may be some genomic similarities for certain sets of oral treponeme strains isolated from the same geographical region. For example, several of the T. putidum strains isolated from Switzerland (ATCC 700334 and OMZ 844) and China (OMZ 848, OMZ 835, and OMZ 846) cluster together. The two Swiss Treponema sp. IB strains (OMZ 805 and ATCC 700767) cluster together. The four T. sinensis strains, all isolated in China, share high levels of phylogenetic similarity. Also, the two Chinese T. vincentii strains OMZ 861 and 863 cluster closely together. However, there is also evidence to support the hypothesis that there are treponeme strain lineages that may have a "global" distribution, as evidenced by phylogenetically closely related strains being isolated from geographically distinct locations. For example, the T. vincentii ATCC 35580 (USA) and ATCC 700774 (China) strains cluster together, as do the T. vincentii OMZ 801 (Switzerland), OMZ 802 (Switzerland), and OMZ 862 (China) strains. These speculative conclusions are consistent with the findings from our previous seven-gene MLSA analysis of 20 T. denticola isolates (56) . However, we are cautious with these correlations, since although these three respective protein-coding genes are widely separated on the chromosome (37, 44) , they only represent a very small snapshot of the entire genome composition.
Conclusions. Taken together, the results from our multilocus phylogenetic and sequence-similarity-based analyses of oral treponeme strains clearly indicate that the 16S rRNA, flaA, recA, and pyrH genes can be used to effectively characterize and discriminate phylogroup 1 and 2 taxa spanning multiple species. Our data confirm the taxonomic positions of T. vincentii, T. medium, and T. putidum and defines three new "species-level" phylotypes: T. sinensis (Treponema sp. IA), Treponema sp. IB, and Treponema sp. IC. We envisage that results from future whole-genome-based analyses and systematic polyphasic taxonomic studies will support the oral treponeme "species"
